Trimethylation of histone H3 at lysine 4 (H3K4me3) is regarded as a hallmark of active human promoters, but it remains unclear how this posttranslational modification links to transcriptional activation. Using a stable isotope labeling by amino acids in cell culture (SILAC)-based proteomic screening we show that the basal transcription factor TFIID directly binds to the H3K4me3 mark via the plant homeodomain (PHD) finger of TAF3. Selective loss of H3K4me3 reduces transcription from and TFIID binding to a subset of promoters in vivo. Equilibrium binding assays and competition experiments show that the TAF3 PHD finger is highly selective for H3K4me3. In transient assays, TAF3 can act as a transcriptional coactivator in a PHD finger-dependent manner. Interestingly, asymmetric dimethylation of H3R2 selectively inhibits TFIID binding to H3K4me3, whereas acetylation of H3K9 and H3K14 potentiates TFIID interaction. Our experiments reveal crosstalk between histone modifications and the transcription factor TFIID. This has important implications for regulation of RNA polymerase II-mediated transcription in higher eukaryotes.
Trimethylation of histone H3 at lysine 4 (H3K4me3) is regarded as a hallmark of active human promoters, but it remains unclear how this posttranslational modification links to transcriptional activation. Using a stable isotope labeling by amino acids in cell culture (SILAC)-based proteomic screening we show that the basal transcription factor TFIID directly binds to the H3K4me3 mark via the plant homeodomain (PHD) finger of TAF3. Selective loss of H3K4me3 reduces transcription from and TFIID binding to a subset of promoters in vivo. Equilibrium binding assays and competition experiments show that the TAF3 PHD finger is highly selective for H3K4me3. In transient assays, TAF3 can act as a transcriptional coactivator in a PHD finger-dependent manner. Interestingly, asymmetric dimethylation of H3R2 selectively inhibits TFIID binding to H3K4me3, whereas acetylation of H3K9 and H3K14 potentiates TFIID interaction. Our experiments reveal crosstalk between histone modifications and the transcription factor TFIID. This has important implications for regulation of RNA polymerase II-mediated transcription in higher eukaryotes.
INTRODUCTION
The organization and functional state of chromatin is closely linked to posttranslational modifications of histones (Jenuwein and Allis, 2001) . Histone modification patterns are involved in processes determining cell fate, development, and carcinogenesis (Carrozza et al., 2003; Margueron et al., 2005; Santos-Rosa et al., 2002; Torres-Padilla et al., 2007) . Modified histones are thought to serve as binding scaffolds for regulatory proteins that translate these modifications into physiological responses. Genome-wide localization studies show that trimethylation of histone H3K4 (H3K4me3) marks active promoters in human cells in a pattern very similar to H3K9 and K14 acetylation (Bernstein et al., 2005; Heintzman et al., 2007) . Recently, several interactors of methylated H3K4 have been identified. These interactors bind to methylated H3K4 via different domains, such as WD-40, Tudor, MBT, and the plant homeodomain (PHD) (Kim et al., 2006; Ruthenburg et al., 2007) .
The genome-wide distributions of H3K4me3 and H3K9,14Ac are highly similar to that of the human TAF1 protein (Bernstein et al., 2005; Heintzman et al., 2007) , which represents the largest subunit of TFIID. Promoter recruitment of this basal transcription factor is stimulated by gene-specific transcription factors and transcriptional cofactors. Besides TAF1, TFIID harbors TATA-binding protein (TBP) in association with 12-13 additional TBP-associated factors (Tora, 2002) . In addition to histone-fold motifs, which are important for TAF-TAF interactions within TFIID (Leurent et al., 2004 and references therein), several other conserved motifs (HMG, NHR1, DUF1546, LisH, WD-40, PHD) have been identified. The relevance of these domains, if any, for promoter activation is not clear yet. In contrast, the double bromodomain of metazoan TAF1 has been shown to preferentially bind diacetylated histone H4 peptides and with a lower affinity also binds monoacetylated peptides (Jacobson et al., 2000) . To summarize, while it is clear that histone acetylation and methylation cooperate in the activation of promoters, the crosstalk between these modifications at the level of the basal transcription machinery has not been explored fully.
Mass spectrometry (MS)-based proteomics has become a powerful tool in biology and for identification of histone modifications, in particular (Aebersold and Mann, 2003; Taverna et al., 2007) . We have previously used quantitative proteomics to dissect regulatory pathways (Mann, 2006; Olsen et al., 2006; Ong and Mann, 2005) . Here we employ a screen to identify peptide-protein interactions by stable isotope labeling by amino acids in cell culture (SILAC) (Schulze and Mann, 2004) . In addition to several known interaction partners for H3K4me3, we unexpectedly identified subunits of the basal transcription factor TFIID as specific binders. We show that H3K4me3 binding is mediated by the PHD finger of the TAF3 subunit and that the methylation mark is essential for this PHD to bind native nucleosomes in vitro and in vivo. Overexpression of TAF3 can enhance transcription stimulation by the Ash2L subunit of Set1/MLL (mixedlineage leukemia) histone methyltransferases in a PHDdependent manner. Furthermore, we demonstrate that asymmetric dimethylation of H3R2 can selectively inhibit, and that acetylation of H3K9 and H3K14 potentiates, TFIID interaction with the K4-methylated H3 tail. These experiments reveal a direct connection between the basal transcription apparatus and transcriptionally active chromatin and expand our view of how histone modifications support transcriptional activation by TFIID.
RESULTS

TFIID Binds to Trimethylated Histone H3 Lysine 4 In Vitro and In Vivo
In order to identify novel proteins interacting with H3K4me3, we set up a peptide pull-down approach making use of the SILAC technology. In SILAC, one or more amino acids are replaced with their stable isotope-labeled counterpart, thus generating ''light''-and ''heavy''-labeled proteins, which are distinguishable and quantifiable by MS. The experimental approach for identification of interaction partners of modified histones is depicted in Figure 1A . Nuclear extracts derived from human HeLaS3 cells grown in light or heavy medium are incubated with immobilized histone peptides in the nonmethylated and methylated form, respectively. After incubation and extensive washing, beads from both pull-downs are pooled, boiled in loading buffer, and run on an SDS-PAGE gel. Following in-gel trypsin digestion and peptide extraction, the peptide mixtures were analyzed by high resolution MS on a linear ion trap-orbitrap instrument. The vast majority of proteins (>99%) bound equally well to the methylated and nonmethylated peptide and appeared in the mass spectra with equal intensity in the light and heavy form. Proteins interacting in a methylation-dependent manner are present with a higher intensity in the heavy form. This quantitative filter therefore distinguishes specific binders.
When performing this screen for H3K4me3, we identified several known interactors with a significant SILAC ratio. They included BPTF ( Figure 1B ) and CHD1 ( Figure 1C ), which have been reported to bind methylated H3K4 via a PHD finger and a double chromodomain, respectively . A number of other novel interactors were identified, which included several PHD finger-containing proteins (see Table S2 ). Surprisingly, we also identified all TAF subunits of TFIID with highly significant ratios ($30:1), indicating that the TFIID complex specifically binds to trimethylated H3K4 ( Figures  1D, 1F , S1-S5, and Table S1 ). The TATA-binding protein (TBP) showed a SILAC ratio of 4, substantially lower than the ratios of the TFIID TAFs. While still significant, this lower ratio can be explained by the presence of TBP complexes lacking TFIID TAFs, which would bind nonspecifically to bait and control. This is also exemplified by the TAF I 63 (or TAF1B) subunit of SL1 (ratio 0.98, Figure 1F ). We verified the preferential interaction between TFIID and H3K4me3 by immunoblotting ( Figure 1E ).
To investigate the functional consequences of this interaction we performed RNAi experiments against WDR5, which is known to preferentially reduce global levels of the H3K4me3 marks but not of H3K4 me2 and H3K4me1 Steward et al., 2006) . Figure 2A shows that WDR5 siRNA treatment of U2OS cells indeed resulted in a pronounced reduction of H3K4me3. We examined the mRNA levels of a number of genes to identify promoters sensitive to H3K4me3 loss. As indicated by Figure 2B , WDR5 siRNA treatment reduced the mRNA levels of the HMG-CoA reductase, RPL34, RPS10, and RPL31 genes by about 2-fold. In contrast, fibronectin and the b-actin reference mRNAs were not affected. Analysis of chromatin immunoprecipitation (ChIP) samples by quantitative PCR showed that the WDR5 siRNA reduced TBP association to the HMG-CoA reductase but not to the fibronectin core promoter ( Figure 2C ). As expected, H3K4me3 modification was reduced on both promoters. An extensive ChIP analysis of TBP and TAF1 binding was performed for the RPL34, RPL31, and RPS10 genes by scanning their 5 0 regions using different PCR primer pairs (Figures 2D, 2E and S6) . WDR5 siRNA treatment also reduced TBP and TAF1 association to these promoters. TBP and TAF1 ChIP signals were also detected more downstream overlapping with the peak of H3K4me3. This corresponds well with recently published ChIP-chip results for these factors (Bernstein et al., 2005; Heintzman et al., 2007) . Taken together, these results indicate that the entire TFIID complex but not other TBP-containing complexes specifically associates with H3K4me3 peptides in vitro and that the H3K4me3 mark is important for retention of TFIID and the transcriptional activity of a subset of promoters in vivo.
The TAF3-PHD Finger Directly Binds to Trimethylated Histone H3 Lysine 4 Several papers described interactions between PHD fingers containing proteins (including BPTF) and methylated H3K4 or H3K36 peptides Pena et al., 2006; Shi et al., 2006; Wysocka et al., 2006) . Interestingly, the metazoan TAF3 subunit of TFIID contains a PHD finger at its extreme C terminus (Gangloff et al., 2001; Pointud et al., 2001) . Alignment of the PHD fingers of TAF3 and ING2 ( Figure 3A ) revealed conservation of residues involved in H3K4me3 interaction (Ruthenburg et al., 2007) . This suggests that the PHD finger of TAF3 could be critical for the interaction between TFIID and methylated H3K4. To test this hypothesis we generated HeLa cell lines expressing tagged versions of full-length mouse TAF3 or TAF3DC80 lacking the C-terminal PHD finger (see Figure S7 ). Nuclear extracts derived from these cell lines were tested for binding to H3 peptides. Whereas the tagged full-length mTAF3 protein bound specifically to the H3K4me3 peptide ( Figure 3B , compare lane 1 and 2), no binding of the tagged mTAF3DC80 protein could be observed (lane 3 and 4). The TAF7 subunit of TFIID was also retained by the H3K4me3 peptide, but to a lesser extent in the TAF3DC80 extracts (compare lanes 2 and 4). This may be explained by a dominant-negative effect of the TAF3DC80 protein, which replaces part of the endogenous TAF3 in the pool of cellular TFIID. Further analysis indicated that the tagged TAF3 proteins are incorporated into TFIID complexes ( Figure S7 ). Thus, TFIID complexes harboring the truncated TAF3DC80 subunit are defective for H3K4me3 binding.
To further investigate this we assessed the ability of a GST fusion of the isolated TAF3-PHD finger to bind methylated histone peptides. As shown in Figure 3C , the PHD finger bound very efficiently to methylated H3K4, with a clear preference for H3K4me3, whereas no binding to methylated H3K9 or H3K36 was observed. Based on the sequence alignment we mutated selected residues of the TAF3-PHD finger expected to be involved in H3K4me3 binding ( Figure 3A ). GST-TAF3 PHD fusions carrying the M882A, D886A, and D890A/W891A mutations were (Schulze and Mann, 2004) . Representative spectra of BPTF (B), CHD1 (C), and TAF1 (D) peptides. The heavy peptide from the SILAC pair is clearly more intense, demonstrating specific binding of these proteins. The gray and red ovals indicate the relative amount of protein binding to the unmodified or H3K4me3 peptide, respectively. (E) The preferential interaction between TFIID and H3K4me3 was confirmed by pull-downs of nuclear extracts using unmodified (À), H3K4me3 or H3K9me3 peptides. Bound proteins were analyzed by immunoblotting using TAF1 and HP1a antibodies. (F) Quantification of the interaction of all TFIID-TAFs with H3K4me3 as revealed by SILAC screening. SILAC ratios represent the relative abundance of the heavy to the light peptide indicating specific binding to the H3K4me3 peptide. unable to bind H3K4me3 ( Figure 3D ). The control A901V mutation did not affect binding efficiency. Previous analysis showed that mutation of equivalent residues in the PHDs of mouse ING2 or human BPTF reduced H3K4me3 binding 20-to 500-fold Pena et al., 2006) . Our mutational analysis underscores the specificity of the interaction and verifies the importance of several residues conserved between PHD fingers (Ruthenburg et al., 2007) . To directly compare the affinities between the PHD fingers of TAF3 and ING2 for H3K4me3, we performed a competition experiment under conditions of PHD finger excess over peptide. As shown in Figure 3E , the ING2 and TAF3-PHD finger display similar binding affinities for H3K4me2, whereas the TAF3 PHD clearly has a much higher affinity for H3K4me3 compared to the ING2 PHD. This indicates that the TAF3-PHD finger discriminates strongly between the H3K4me2 and H3K4me3 marks.
To accurately determine the affinities for modified H3 peptides we performed equilibrium binding assays with the TAF3-PHD finger using tryptophan fluorescence. Using the same methodology, the dissociation constant of the ING2 PHD for H3K4me3 was determined to be 1.5 mM . In our experiments and as expected from Figure 3E , binding of the TAF3 PHD to the H3K4me3 peptide was much stronger with a dissociation constant of 0.16 mM ( Figure 3F ). The higher affinity of the TAF3 PHD compared to ING2 PHD most likely relates to subtle differences in the geometry of the aromatic cage involved in binding of the trimethyl lysine (I869 and W891 in mTAF3 versus Y215 and W238 in mING2). Structural analysis of the PHD finger of TAF3 will provide further insight into this. Taken together, H3 peptide-binding assays identified the PHD finger of TAF3 as necessary and sufficient for recognition of the H3K4me3 mark.
The TAF3 PHD Finger Binds to Nucleosomes Containing Trimethylated Histone H3K4
The experiments described so far indicate that the TFIID complex binds via the PHD of TAF3 with a high selectivity to histone H3K4me3 peptides. To extend these observations we isolated nucleosomes from HeLa cells and various yeast strains ( Figure 4A and data not shown) to investigate whether the TAF3 PHD finger is able to recognize the H3K4me3 mark in native chromatin. As shown in Figures  4B and 4C , immunoblotting with modification-specific antibodies revealed that the bound nucleosomes were enriched for H3K4me3 and contained only low levels of H3K4me2 or H3K4me1. DNA analysis of bound yeast nucleosomes indicated retention of mono-, di-, and trinucleosomes ( Figure 4C ). In agreement with the peptide pull-down, the two PHD mutants D886A and D890A/ W891A were unable to bind yeast nucleosomes, indicating the specificity of binding. To address the importance of the H3K4 trimethylation mark for the binding, we isolated nucleosomes from yeast strains carrying deletions in genes responsible for different histone methylation marks ( Figure 4D ). The SET1, SET2, and DOT1 genes encode histone methyltransferase (HMT) enzymes for H3K4, H3K36, and H3K79, respectively (Martin and Zhang, 2005) . SPP1 encodes a subunit of the Set1p/COMPASS HMT complex and has been shown to be important for efficient H3K4 trimethylation, but not di-or monomethylation of H3K4 (Dehe et al., 2006; Schneider et al., 2005) . As predicted the TAF3 PHD finger binds nucleosomes from set2D and dot1D strains indicating that neither H3K36 nor H3K79 methylation is required for binding to nucleosomes ( Figure 4E ). However, in the set1D and spp1D strains, in which H3K4 (tri-)methylation is abolished, nucleosome binding was lost. These results indicate that the TAF3 PHD finger binds specifically to native H3K4me3-marked nucleosomes. (B) Nuclear extracts derived from HeLa stable cell lines expressing either full-length HA-tagged TAF3 or a mutant lacking the PHD finger were used for pull-downs using the indicated peptides. Immunoblotting was performed for the presence of endogenous TAF7 and exogenous TAF3 proteins in the pull-down eluates. Please note that the TAF7 signal in the H3K4me3 pull-down of the TAF3DPHD lysate most likely corresponds to TFIID complexes containing endogenous TAF3. Asymmetric Dimethylation of H3R2 Selectively Inhibits Recognition of the H3K4me3 Mark by TFIID and TAF3 PHD The structure of the WDR5 protein bound to an N-terminal peptide of histone H3 indicated that methylation of H3R2 negatively affected WDR5 binding (for review, see Sims and Reinberg, 2006) . Furthermore, in yeast, asymmetric dimethylation of H3R2 inhibits the binding of the PHD finger protein SPP1 to methylated H3K4 (A. Kirmizis and T. Kouzarides, personal communication). To investigate a potential inhibitory effect of H3R2 methylation on the H3K4me3 binding of PHD finger proteins we compared several differentially methylated histone H3 peptides. This revealed that asymmetric dimethylation of H3R2 drastically reduces the binding of the TAF3 PHD to H3K4me3, whereas this effect was not observed for the ING2 or BPTF PHD ( Figure 5A ). This was confirmed in a competition experiment (Figure 5B ), which revealed that the ING2 and TAF3-PHD finger have a similar affinity for the doubly methylated peptide (R2me2a/K4me3). In agreement with the GST-PHD pull-downs, H3R2me2a results in a 25-fold lower binding constant of the H3K4me3 modified peptide, whereas H3R2me2s and H3R2me1 display little effect ( Figure 3F ). Together, these analyses indicate that asymmetric dimethylation of H3R2 counters the high affinity of the PHD finger of TAF3 but not of ING2 and BPTF for the H3K4me3 mark.
To further investigate the effect of asymmetric dimethylation of H3R2 on the binding of the TFIID complex to trimethylated H3K4, we extended our quantitative proteomics approach to simultaneously assay three different histone modification marks (H3 unmodified, H3K4me3, and H3R2me2a/K4me3) with three differentially SILAClabeled extracts. This assay allows direct visualization of potential agonistic and antagonistic effects of modifications. The spectra in Figure 5C show that H3K4me3 binding by the TFIID complex (exemplified by its subunits TAF1 and TAF7) is compromised by the H3R2me2a modification. Importantly, binding of the BPTF protein was not affected ( Figure 5C ), indicating that the effect is specific to the TAF PHD finger. Together, these experiments reveal crosstalk between different histone modifications at the level of TAF3-PHD and TFIID-complex binding.
Acetylation of H3K9 and H3K14 Is Agonistic to H3K4me3
Similar to trimethylation of H3K4, acetylation of the adjacent lysines (K9 and K14) is generally associated with active promoters (Millar and Grunstein, 2006) . The TAF1 subunit of metazoan TFIID contains an acetyl-lysine binding activity residing in its double bromodomain (Jacobson et al., 2000) . We compared the combined effects of acetylation and methylation of the histone H3 tail on TFIID and BPTF binding using the SILAC triple pull-down approach. As shown in Figure 6A , K9 and K14 acetylation had a minor effect on retention of TAF1 (and other TFIID TAFs, data not shown). BPTF, which contains both a PHD and a bromodomain, showed a similar binding behavior. The presence of the H3K4me3 mark in addition to H3K9,14Ac strongly augmented retention of TAF1 (and the other TFIID TAFs) and of BPTF (additional increase in SILAC ratio $10-fold). In contrast, the BAF180/polybromo subunit of the human BAF chromatin-remodeling complex, which contains multiple bromodomains but no PHD finger (Nicolas and Goodwin, 1996) , bound equally strong to the H3K9,14Ac and H3K4me3/K9,14Ac peptides (SILAC ratio > 8-fold over the unmodified peptide; right panel in Figure 6A ).
We next tested whether acetylation enhances the binding of TFIID to H3K4me3 in an experiment comparing unmodified H3 with H3K4me3 and H3K4me3/K9,14Ac peptides. As shown in Figure 6B , both TAF1 and BPTF binding to H3K4me3 was markedly increased by acetylation at H3K9 and H3K14. As expected we failed to observe preferential binding of BAF180/polybromo to the H3K4me3 peptide, whereas the protein was retained efficiently by the H3 peptide containing both acetylation and methylation marks. Affinity measurements and H3 peptide pulldowns also indicated that acetylation on K9 and K14 had little effect on the affinity of the isolated PHD of TAF3 for the H3K4me3 peptide ( Figures 3F and S8) .
Collectively, these experiments indicate that both for TFIID and BPTF the PHD-mediated interaction to H3 tails is augmented by K9 and K14 acetylation. We propose that the combinatorial effects of H3K4me3 binding via TAF3 and H3K9,14Ac binding via TAF1 results in a strong interaction between TFIID and transcriptionally active promoters.
TAF3 Can Act as a Transcriptional Coactivator in a PHD Finger-Dependent Manner
To obtain further support for the hypothesis that TAF3 acts as a transcriptional cofactor by recognizing H3K4me3 we examined the effect of siRNA-mediated knockdown of TAF3 on the expression of the WDR5-dependent genes. Quantitative RT-PCR analysis indicated that similar to the WDR5 siRNA, treatment of U2OS cells with TAF3 siRNA reduced the mRNA levels for HMG-CoA reductase, RPL34, RPL31, and RPS10 but not for fibronectin ( Figure 7A ). Next, we employed a luciferase reporter assay in which the Ash2L subunit of Set1/MLL histone methyltransferase complexes was targeted to a test promoter as a Gal4 DNAbinding domain fusion. The evolutionary conserved Ash2L protein has been shown to be essential for efficient H3K4 di-and trimethylation and incorporates into the MLL1 complex via direct interaction with the Rbbp5 subunit Steward et al., 2006) . We reasoned that this could provide a functional assay for TAF3-dependent activation of transcription. Expression of the Gal4-Ash2L resulted in activation of promoter activity in human U2OS osteosarcoma cells. Coexpression of wild-type TAF3 greatly enhanced Gal4-Ash2L-mediated activation in a Gal4 binding site-dependent manner ( Figure 7B ). In contrast, the (A) Pull-downs using the indicated peptides were performed as described in Figure 3. (B) Competition experiment between GST-TAF3-PHD and GST-ING2-PHD as described in Figure 3E using the H3K4me3 and H3R2me2a/K4me3 peptides. (C) A triple SILAC peptide pull-down was performed using an unmodified (H3), an H3K4me3, and an H3K4me3/H3R2me2a doubly methylated peptide. The spectra show the relative binding of TAF1 (left), TAF7 (middle), and BPTF (right) to these three peptides as indicated. The gray ovals represent the relative protein binding to the unmodified H3 peptide, the red ovals represent the binding to the H3K4me3 peptide, and the black ovals represent the binding to the doubly modified H3K4me3/H3R2me2a peptide. Note that the ratio for the TAF subunits is somewhat lower compared to those shown in Figure 1 , which is caused by a variation in washing efficiency.
PHD finger point mutants M882A and D886A were not efficient in coactivation. Immunoblotting of transfected cell lysates indicated a similar expression of the transfected proteins ( Figure 7C ). Together, these experiments indicate that TAF3 can act as a transcriptional cofactor and support the model of Figure 7D in which methylation of histone H3K4 provides a binding site for the TFIID complex, resulting in enhanced recruitment or stability of the RNA polymerase II preinitiation complex.
DISCUSSION
In this study we provide evidence that trimethylation of lysine 4 of histone H3 serves as a high-affinity binding site for mammalian TFIID and that the PHD finger of the TAF3 subunit mediates this interaction. We investigated crosstalk of H3K4me3 with other modifications and found an inhibitory effect of H3R2me2a on TFIID binding, whereas H3K9,14Ac enhanced TFIID binding. This correlates well with active transcription and the genome-wide distributions of these histone marks and TAF1 (Bernstein et al., 2005; Heintzman et al., 2007; Millar and Grunstein, 2006) .
Function of the H3K4me3 Mark as a Docking Site
Methylation of H3K4 is a universal histone mark in the eukaryotic kingdom, and it has been studied in most detail in yeast cells. Trimethylation of H3K4 has been proposed to link transcription initiation to elongation and mRNA processing (Krogan et al., 2003; Morillon et al., 2005) . Strikingly, yeast TAF3 lacks a PHD finger, indicating that this domain has been acquired relatively late in evolution (Gangloff et al., 2001 ). Several observations suggest that H3K4me3 may serve new or additional roles in higher eukaryotes. First, the H3K4me3 mark remains limited to the first $1 kb of a gene (Bernstein et al., 2005; Heintzman et al., 2007) . Accordingly, the H3K4me3 modification is much less abundant in human nucleosomes compared to yeast (Figure 4) (Taverna et al., 2007) . Second, whereas the yeast genome encodes 18 PHDs in 14 different proteins, the PHD is much more prevalent in higher eukaryotes genomes (38 PHDs in flies and $150 in humans) (Bienz, 2006) .
The observation that eight of the 18 yeast PHDs are able to bind methylated H3K4 (Shi et al., 2007) raises the question how many of the human PHD fingers can bind Figure 6 . Acetylation of H3K9 and K14 Acts Agonistically with H3K4me3 to Anchor TFIID on the Histone H3 Tail (A and B) Triple SILAC pull-downs were performed using peptides as indicated to investigate the relative contribution of H3K4me3 and H3K9,14Ac on TFIID binding. methylated H3K4. Our proteomic screen of HeLa cell extracts identifies seven PHD finger-containing proteins specifically binding H3K4me3 (Table S2) . Importantly, multiple complexes with opposing activities are now known to compete for H3K4me3 binding: repression via ING2/Sin3A , chromatin remodeling via BPTF/NURF , and gene activation by TFIID (this paper). The finding that the TAF3 PHD has a 10-to 20-fold higher affinity for H3K4me3 than the PHDs of ING2 and BPTF indicates that via TAF3 TFIID can effectively compete with these (opposing) activities.
Relevance of TFIID Binding to H3K4me3 for Transcription
Current models for the function of H3K4 methylation are largely derived from yeast studies. They are supported by an elegant in vitro study using human proteins, which suggests that the H3K4me3 appears after the basal transcription machinery has assembled on the promoter (Pavri et al., 2006) . In this scenario TAF3-dependent anchoring of TFIID could stimulate subsequent rounds of transcription. Other observations suggest the possibility that in human cells H3K4 methylation can act at the promoter activation step since gene-specific transcription factors like activated nuclear receptors and CREB can interact directly with subunits of MLL complexes (Dreijerink et al., 2006; Ernst et al., 2001; Garcia-Bassets et al., 2007; Lee et al., 2006) . We found that loss of the H3K4me3 mark resulted in a reduced TFIID association and transcriptional activity of certain promoters, which also depend on TAF3 expression. In addition, transient transfections ( Figure 7B ) show that expression of TAF3 enhances the transcriptional stimulation by the Ash2L subunit of H3K4 methylase complexes. Taken together, this suggests that TAF3-mediated binding of TFIID to H3K4me3-marked nucleosomes can serve either to anchor TFIID to activated promoters or to recruit TFIID during promoter activation.
Recruitment of TFIID to gene promoters is governed both by its interaction with gene-specific transcription factors and coactivators and by the ''quality'' of the core promoter (Albright and Tjian, 2000) . Whereas TBP binds with high affinity (K d $ 1 nM) to a canonical TATA box, several other TFIID subunits can recognize core promoter elements like the INR (TAF1/2), DCE (TAF1), (DPE TAF6/9), and MTE (TAF1) with lower affinities (Juven-Gershon et al., 2006; Lee et al., 2005) . Only a subset of mammalian promoters contains a classical TATA box, which stresses the importance of the other DNA elements. Our study indicates that histone modifications of the core promoter should also be taken into consideration ( Figure 7D) . A previous study of the yeast PHO5 promoter showed that nucleosome sliding can induce dependence on acetylation of the H4 tail and a bromodomain-containing protein (Martinez-Campa et al., 2004) . We propose that H3K4 trimethylation plays an important role in defining a core promoter as it creates a binding site for the TAF3 subunit of TFIID. Strikingly, the fibronectin and b-actin promoters contain a TATA box and are insensitive to loss of H3K4me3 or TAF3. In contrast to the H3K4me3/TAF3-dependent HMG-CoA reductase promoter, the RPL34, RPL31, and RPS10 promoters all lack a canonical TATA box. It is tempting to speculate that the TAF3-H3K4me3 interaction may be most important for promoters lacking canonical core promoter DNA elements. Large-scale identification of TAF3-dependent promoters would allow testing of these models and determine the relevance of the H3K4me3-TFIID interactions for their transcription.
Crosstalk between Different Histone Modifications An important aspect of the ''histone code'' hypothesis is that the modifications act in combination (Strahl and Allis, 2000) . Our analysis provides two new examples of combinatorial control for binding to methylated H3K4. For the isolated TAF3 PHD we observed that asymmetric methylation of H3R2 inhibits H3K4me3 binding of TAF3 but not of ING2 or BPTF. The H3R2me2a modification also inhibits binding of the TFIID complex. Genome-wide analysis indicated the co-occurrence of the H3K4me3 and H3K9,14Ac marks in human cells (Bernstein et al., 2005; Heintzman et al., 2007) . Our proteomic analysis clearly shows that TFIID binding to H3K4me3 is enhanced by coincident H3K9,14Ac modification. Most likely, this effect is mediated by the double bromodomain of TAF1. Whereas this domain preferentially binds to diacetylated H4 tails, it also binds to singly acetylated tails with low affinity (K d $ 40 mM) (Jacobson et al., 2000) . Consistently, the TFIID complex shows little enrichment with H3K9,14Ac compared to the nonacetylated peptide in the SILAC experiments. The dominance of H3K4me3 in TFIID binding can be readily explained by the higher affinity of the TAF3 PHD for this mark.
In conclusion, we have employed high-accuracy quantitative proteomics using the SILAC technology to discover a direct connection between histone trimethylation and the basal transcription machinery. One striking observation described in this work is the remarkable affinity of the TAF3 PHD finger for H3K4me3 and the cooperative effect with acetylation of H3K9,K14. These facts and given the general presence of H3K4me3 on active promoters as well as the broad importance of the TFIID complex for eukaryotic transcription suggest that the interaction between TFIID and H3K4me3 is highly relevant for the activation of genes in mammalian cells. An interesting question that remains is whether the interaction between H3K4me3 and TFIID is secondary following promoter recruitment or whether the interaction can serve as a primary recruitment signal for TFIID to promoters. Our findings direct future experiments to resolve these two possibilities.
EXPERIMENTAL PROCEDURES
Protein Extraction and Peptide Pull-Downs HeLaS3 cells were grown in suspension in the presence of normal lysine and arginine or heavy versions of these (Isotec). Nuclear extracts were prepared as described (Dignam et al., 1983) . Histone peptides containing the N-terminal 17 amino acids of the histone H3 followed by two glycines and a biotinylated lysine were synthesized using the Fmoc strategy as described (Schulze and Mann, 2004) . Peptides were immobilized on Dynabeads MyOne Streptavidin C1 (Dynal) and subsequently incubated with 350 mg of nuclear extract (diluted to 0.6 mg/ml) in binding buffer (150 mM NaCl, 50 mM Tris-HCl at pH8.0, 1% NP40, 1 mM DTT, and complete protease inhibitors -EDTA [Roche]) for 2 hr at 4 C in a rotation wheel. Beads were washed five times with 1 ml of binding buffer containing 400 mM NaCl and finally twice with 1 ml of binding buffer. Beads from both pull-downs (unmodified and modified peptide) were subsequently pooled, and bound proteins were eluted and analyzed on 4%-12% gradient gels (Invitrogen) by colloidal blue staining (Invitrogen). For immunoblotting, antibodies against TAF1 (Upstate, #05-500), and HP1a (Upstate, #07-346) were used.
Mass Spectrometry of Proteins
After trypsin digestion of gel slices peptides were extracted, desalted using StageTips (Rappsilber et al., 2003) , and analyzed using a nano-HPLC Agilent 1100 nanoflow system connected online to an linear trap quadropole (LTQ)-Orbitrap mass spectrometer (Thermo Fisher, Bremen). The mass spectrometer was operated in the data-dependent mode to automatically switch between MS and MS 2 . The instrument was operated with ''lock-mass option'' as recently described (Olsen et al., 2005) . Survey spectra were acquired with 60,000 resolution in the orbitrap, while acquiring up to five tandem mass spectra in the LTQ part of the instrument. Fragment spectra were searched using the MASCOT software program (Matrix Science, UK). MSQuant (http://msquant.sourceforge.net/) was used to verify and quantify the resulting peptide pairs. The median ratio of all ratios between 2 and 0.5 was used to determine the standard deviation from the 1:1 ratio. The protein ratios for all TAFs were more than ten standard deviations away from this median value. Each pull-down experiment was performed at least three times with independent batches of extracts, with similar results.
Mammalian Cell Culture, Chromatin Immunoprecipitation (ChIP), mRNA Analyses, and Transient Reporter Assays Human U2OS osteosarcoma cells were transfected with siRNAs (Dharmacon) according to the manufacturer's instructions. Formaldehyde-crosslinked chromatin samples were prepared as described (Bernstein et al., 2005; Denissov et al., 2007; Heintzman et al., 2007) . The ChIP samples were analyzed by qPCR, and mRNA levels were determined by quantative RT-PCR as described (Dreijerink et al., 2006) . PCR primers and siRNA sequences are available upon request. For luciferase assays U2OS cells were transfected in duplicates or triplicates (as indicated) by using FuGENE 6 (Roche Applied Science). Firefly reporter luciferase constructs 5XGal4MLP-Luc or TK-Luc (100 ng) were cotransfected with 50 ng TK promoter-driven Renilla luciferase plasmid for differences in transfection efficiency and 250 ng pMT2-HA-mTAF3 constructs. Cell lysates were prepared 38 hr after transfection, and luciferase activity was determined using the Dual-Luciferase Reporter Assay System (Promega).
To analyze levels of transfected proteins, U2OS cells were plated on 6-well tissue culture plates and transfected with 500 ng Gal4-Ash2L expression plasmid and 500 ng mTAF3 wild-type (WT) or mutant plasmids. Total cell lysates were analyzed by immunoblotting using anti-HA (3F10) or Gal4-DBD (RK5C1, Santa Cruz, CA) antibodies and enhanced chemiluminescence (ECL, Amersham Biosciences).
H3 Peptide-and Nucleosome-Binding Experiments H3 peptides immobilized on streptavidin-conjugated dynabeads were incubated with crude bacterial GST-TAF-PHD induced lysates in binding buffer (50 mM Tris-HCl at pH 8.0, 150 mM NaCl, 0.1% NP40, 10 mM ZnCl 2 , 1 mM DTT, and protease inhibitors) for 2-3 hr at 4 C. Following extensive washing bound proteins were eluted and analyzed by SDS-PAGE and Coomassie brilliant blue R-250 (Biorad). For nucleosome-binding experiments glutathione-agarose beads were coated with bacterial lysates containing GST or GST-TAF3PHD (WT or mutant). Mononucleosomes were mixed with GST-coated agarose beads and incubated overnight at 4 C in H3-binding buffer.
Beads were washed five times with H3-binding buffer. Twenty-five percent was used for extraction of DNA using the QiaQuick PCR purification kit (QIAGEN) and resolved on a 1.5% agarose gel. The remainder was prepared for immunoblot analysis. Antibodies specific for H3, H3K4me1, H3K4me2, H3K4me3, and H4 (ab1791, ab8895, ab7766, ab8580, and ab31827) were obtained from Abcam. Antibodies against H3K36me3 (GTX80647), H3K79me2, and H2A (#07-366 and #07-146) were obtained from GeneTex, Inc. and Upstate Biotechnology, respectively. GST-fusion proteins were detected with a GST antibody conjugated to HRP (Amersham, 27-4588).
H3 Peptide Affinity Measurements
The TAF3-PHD(857-924) was expressed as a GST-fusion protein and purified essentially as described (Dominguez et al., 2004) . The resulting protein was further purified by anion exchange chromatography and estimated to be > 95% pure by Coomassie staining. For K d measurements the TAF3-PHD protein was diluted to 100 nM for H3K4me3, H3R2me1/K4me3, H3R2me2s/K4me3, to 200 nM for H3K4me3/ K9,14Ac, and to 1 mM for H3R2me2a/K4me3, H3K9,14Ac, H3K4me2, H3K4me1, and unmodified peptides in H3-binding buffer plus 0.001% Tween-20. Tryptophane fluorescence was determined using a Varian Cary Eclipse fluorescence spectrophotometer using 1.2 ml cuvettes with stirring. The excitation wavelength was 280 nm and slit width 2.5 nm. Emission was determined in the range of 335-355 nm with a 10 nm (for 100 nM PHD), 5 nm (for 200 nM PHD), or a 2.5 nm slit width (for 1 mM PHD) with an averaging time of 5 s and 2 nm data interval. Each measurement was repeated at least three times with two different batches of H3 peptide.
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